Light-evoked excitatory synaptic inputs to retinal ganglion cells are mediated by both NMDA and AMPA/KA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate/kainate) glutamate receptors in salamanders (Lukasiewicz and McReynolds, 1985; MittRecei ved Jan. 31, 1995; revised Apr. 5, 1995; accepted May 9, 1995 , 1990; Diamond and Copenhagen, 1993 ; but see Coleman and Miller, 1988) , rabbits Miller, 1988, 1990) , cats (Boos et al., 1990) and primates (Cohen and Miller, 1994) . AMPA/KA receptors are responsible for the rapidly activating and -inactivating component of excitatory synaptic inputs in many neurons (Dale and Roberts, 1985; Forsythe and Westbrook, 1988; Hestrin et al., 1990; Mittman et al., 1990) . These desensitizing glutamate receptors have been shown to play a role in shaping the synaptic responses in the CNS (Trussell et al., 1993; Larson et al., 1994; Pelletier and Hablitz, 1994; Rammes et al., 1994) . The role that desensitizing, AMPA/KA receptors play in forming ganglion cell responses is unknown.
AMPA/KA glutamate receptors are known to exist in a variety of molecular forms (Sommer and Seeburg, 1992) . Expression studies have demonstrated that AMPA/KA receptors exist as either AMPA- (Boulter et al., 1990; Keinlnen et al., 1990) or kainate-preferring (Bettler et al., 1990; Egebjerg et al., 1991; Werner et al., 1991; Bettler et al., 1992) receptors. AMPA-preferring receptors predominate on hippocampal neurons whereas kainate-preferring receptors predominate on dorsal root ganglion neurons (Kiskin et al., 1986; Huettner, 1990; Wong and Mayer, 1993) . The kinetics of the currents mediated by AMPA-preferring receptors depend on the agonist. Glutamate, AMPA, and quisqualate mediate rapidly desensitizing currents while kainate mediates relatively sustained currents (Trussell et al., 1988; Tang et al., 1989) .
Recent studies have shown that lectins (Mayer and Vyklicky, 1989; O'Dell and Christensen, 1989; Huettner, 1990 ) and thiazides (Yamada and Rothman, 1992; Yamada and Tang, 1993; Trussell et al., 1993; Zorumski et al., 1993) (Partin et al., 1993; Wong and Mayer, 1993) .
ON-OFF ganglion cells in the salamander retina respond to sustained light stimuli with transient voltage responses at light onset and offset (Werblin and Dowling, 1969) . The mechanisms by which these transient responses are generated are unknown. The formation of some transient amacrine cell responses may be due to presynaptic inhibitory inputs at bipolar terminals producing transient transmitter release (Werblin et al., 1988; Maguire et al., 1989 
Materials and Methods
Whole-cell patch recor&zg in retinal slices. Whole-cell patch recordings (Hammill et al., 1981) were made from ganglion cells in retina1 slice preparations (Werblin, 1978) . The recording procedures have been described in detail elsewhere Werblin, 1986, 1987; Lukasiewicz and Werblin, 1994; Lukasiewicz and Roeder, 1995) . Procedures .for labeling and isolating ganglion cells. To distinguish ganglion cells from other retina1 neurons in isolation, we labeled ganglion cells by injecting the optic nerve with rhodamine B isothiocyanate. Salamanders were anesthetized by placing them in a room temperature water bath containing 0.06% MS-222 (tricane methane sulfonate) (Sigma, St. Louis, MO). During surgery, the animals were kept in an ice water bath containing MS-222. A 1.5 cm incision was made over the optic nerve and the overlying tissue was removed. The optic nerve was exposed by cutting the surrounding sheath with iris scissors. The uncovered optic nerve was impaled with a microelectrode containing 4% rhodamine B isothiocyanate (Sigma, St. Louis, MO) dissolved in 10% DMSO and 90% salamander Ringer's (see below). The injections were made with a Picospritzer (General Valve Corp., Fairfield, NJ). After the injections, gentamicin drops (4 mg/ml) (Sigma, St. Louis, MO) were placed in the operated area and the incision was sutured. The animals recovered from surgery in aerated pond water that contained 3000 U/liter of penicillin and 3 mg/liter of streptomycin (Sigma, St. Louis, MO). Animals were maintained for 3-5 d before sacrifice.
Ganglion cells were isolated using methods similar to Gilbertson et al. (1991) . Briefly, dissociations were performed by incubating the isolated retina for 30 min at 30°C with 7-15 U of papain (Worthington, Freehold, NJ) per milliliter of dissociation solution (Gilbertson et al., 1991) . The retina was then rinsed at least three times with rinse solution (Gilbertson et al., 1991) and gently triturated with a fire polished Pasteur pipette. The dissociated retinal cells were plated on cover glass which was coated with 1% 3-aminopropyl-triethoxy-silane (Sigma, St. Louis, MO) and allowed to adhere at room temperature for 15 min. Rhodamine-labeled ganglion cells were viewed using a Nikon mercury fluorescent epiilluminator with a Nikon Gl-B filter set. Observations of retinal slices made from eyes backfilled with rhodamine showed that only cells in the ganglion cell layer were labeled. This indicates that rhodamine-labeled isolated cells were most likely ganglion cells.
Electrode and bathing solutions. The intracellular electrode solution (Mittman et al., 1990 ) consisted of (in mM): cesium fluoride, 90.5; sodium chloride, 3.4; magnesium chloride, 0.4; calcium chloride, 0.4; EGTA, I 1; and sodium HEPES, 10; adjusted to pH 7.7 with cesium hydroxide (the free calcium concentration was IO-' M). Fluoride greatly enhanced the probability of obtaining high quality seals and had no effect on ganglion cell EPSCs recorded in control bathing solution (Mittman et al., 1990; Diamond and Copenhagen, 1993; Lukasiewicz and Werblin, 1994) . The bathing medium (salamander Ringer) contained (in mM): sodium chloride, 112; potassium chloride, 2; calcium chloride, 2; magnesium chloride, 1; glucose, 5; and HEPES, 5; adjusted to pH 7.8 with NaOH. Unless otherwise indicated, all chemicals were obtained from Sigma Chemical (St. Louis, MO). AMPA, CNQX (6. cyano-7-nitroquinoxaline-2,3-dione), and the NMDA receptor antagonists D-2-amino-5-phosphonopentanoic acid (D-AP5) and (t-)-2-amino-7-phosphonoheptanoic acid (AP7), were obtained from Research Biochemicals International (Natick, MA). The NMDA receptor channel blocker MK801 was kindly provided by Dr. Carmelo Roman0 (Washington University, St. -Louis), NBQX (6-nitro-7-sulfamoylbenzo(Rauinoxaline-2.3.dione) was kindlv urovided bv Dr. Madelon Price (Washington University, S;. Louis), and&cyclothiazIde was provided by the Lilly Research Laboratories (Indianapolis, IN). Experiments were performed at room temperature (20-24°C).
The control bathing solution used in our slice experiments was formulated to pharmacologically isolate the ganglion cell EPSCs. GABAergic and glycinergic inhibitory synaptic inputs were blocked with picrotoxin (150 FM) and strychnine (2 FM), respectively (Belgum et al., 1984; Lukasiewicz and Werblin, 1990; Mittman et al., 1990; Diamond and Copenhagen, 1993) . Voltage-gated sodium currents were blocked by including 0.5 FM tetrodotoxin in the bath, and voltage-gated potassium currents were blocked by including cesium in the recording electrodes (Lukasiewicz and Werblin, 1988) . Antagonists and modulators were applied locally over a relatively large area of the slice under study (several millimeters in width) by a gravity-driven superfusion system at a rate of 1-2 ml/min. Fine PE tubings from ten 10 ml syringes were fastened inside a plastic micropipette tip. The pipette tip (400 km inner diameter) was placed at least 1 mm from the slice. Solutions flowed from the ganglion cell side to the photoreceptor side of the slice. In addition to the local drug application, the entire recording chamber was continually superfused with control Ringer's at a rate of l-2 ml/min to accelerate washout of the applied drugs.
Agonist pufjing onto isolated ganglion cells. Glutamate agonists were puffed onto the cell bodies and/or dendrites of isolated ganglion cells with a Picospritzer (General Valve Corp., Fairfield, NJ). The rate of puffed drug delivery was presumably slow compared to a more rapid drug application system (Raman and Trussell, 1992) and probably led to an underestimate of the number of cells with rapidly desensitizing responses (Trussell et al., 1988) . Sustained puff applications often resulted in lost recordings when the puff dislodged the cell from the recording pipette. Consequently, we chose a puff duration and pressure that would maximize the rate of agonist delivery and minimize the loss of recordings.
Pu@ng potussium at the bipolar dendrites. Synaptically driven responses in ganglion and amacrine cells were elicited by "puffing" potassium chloride (KC]) (120 mM) through pipettes with I FM diameter tips onto bipolar cell dendrites (Lukasiewicz and Werblin, 1994) . The details of this methodology are described in Lukasiewicz and Roeder (1995) .
Light stimulation. The light stimulus apparatus and procedures were identical to those described in Lukasiewicz and Roeder (1995) . Briefly, the light source was a tungsten halogen lamp (20 W) (Ealing ElectroOptics, Holliston, MA). Full-field, white light stimuli were used. The intensity of the unattenuated light stimulus was equivalent to 3.6 X 10lh quanta/cm2/sec of a monochromatic light of 500 nm.
For light stimulation experiments, the dissections and preparation of the slices were performed under dim red illumination. Infrared viewers (Electrophysics Corp., Nutley, NJ) were used to view the slices under infrared illumination during the recording procedures.
Liquid junction potential correction. Membrane potential values given in this article were corrected for junction potentials. Liquid junction potentials were determined as described by Fenwick et al. (1982) . They were typically -6 mV for the cesium fluoride (CsF) electrode solution.
Cell identi$cation. In the slice preparation, ganglion cells were identified by their characteristic current responses to light stimuli (Mittman et al., 1990) . More than 90% of ganglion cells recorded in the slice preparation were ON-OFF cells that responded with transient EPSCs at light onset and offset. The remaining cells were ON cells that responded with a sustained EPSC to the light stimulus. Almost all of the results reported here were obtained from ON-OFF ganglion cells. Some cells were stained by including Lucifer yellow CH (0.25%) (Aldrich Chemicals, Milwaukee, WI) in the electrode (Stewart, 1978) . Cells and processes were viewed using a Nikon mercury fluorescent epiilluminator with an Omega Optical XF15 filter set (Brattleboro, VT). Ganglion cell subtypes were identified by the ramification of their dendrites-at different depths in the inner plexiform layer (IPL) (Famiglietti et al., 1977; Nelson et al., 1978) .
Recording system. The microscope system and patch-clamp apparatus used for this study were described-in iukasiewicz and Roehe; i1995). Electrodes were Dulled from borosilicate glass (TWl50F-4. W.P.I.. Sar--asota, FL) with a Sachs-Flaming puller (Sutter Instruments, Novato, CA) and had measured resistances of less than 5 MR. The measured series resistances were typically 15-25 Ma. The magnitude of the series resistance compensation, read off of the Dagan 3900A compensation counting dial, was 5-10 MO. PCLAMP software (Axon Instruments, Foster City, CA) was used to generate voltage command outputs, acquire data and trigger the Picospritzer. The data were digitized and stored with a 33 MHz 386.PC using a Labmaster DMA data acquisition board (Scientific Solutions, Solon, OH). Responses were filtered at 2 kHz with the four pole Bessel low pass filter on the Dagan 3900A and sampled at 100 Hz. Data were analyzed using Clampan (Axon Instruments, Foster City, CA). Results are expressed as mean values 2 1 standard deviation.
Results

Thiazides enhance glutamate agonist currents in isolated retinal ganglion cells
In order to determine if the thiazide compounds were acting directly on ganglion cells in the retinal slice preparation we first ascertained their effects on glutamate currents in isolated ganglion cells. Figure IA shows a current response to a puff of glutamate (10 mM). When the cell was clamped to -75 mV, glutamate elicited an inward current that activated rapidly and then desensitized during the continued presence of glutamate.
The amplitude of the current decayed to 7% of the maximum amplitude by the end of the puff stimulus. Rapid desensitization was observed in 16 out of 19 cells. In the remaining three cells the glutamate currents were relatively sustained and decayed very slowly. The difference in the rates of desensitization observed could reflect either variable kinetics of the glutamate puff application or different complements of AMPA-or kainate-preferring receptor types on different ganglion cells (see introductory section). The glutamate responses were most likely mediated by AMPA/KA receptors because none of our isolated cells responded to puffs of NMDA (1 mM). Also, the current-voltage relationships for the glutamate-evoked responses were always linear when 1 mM MgCl, was present in the bath, indicating that NMDA receptors did not contribute to these responses. Others have also reported (Akaike et al., 1988; Chizhmakov, 1989; Huettner, 1990 ) that when CNS neurons were acutely isolated with papain their responsiveness to NMDA was reduced.
When glutamate was puffed in the presence of 10 ELM cyclothiazide, both the magnitude and the duration of the glutamate current were increased (Fig. IA) . The peak amplitude of this cell was enhanced 4.7-fold. Upon wash out of cyclothiazide both the magnitude and the duration of the current returned to control values (data not shown). For seven cells, the mean enhancement was 3.77 + 1.64-fold. When 30 PM cyclothiazide was used, the mean enhancement was increased to 21.97 + 13.7-fold (n = 11). Similar results have been reported with isolated hippocampal neurons (Yamada and Rothman, 1992; Yamada and Tang, 1993; Zorumski et al., 1993) and with isolated patches from auditory neurons (Trussell et al., 1993) .
To determine if the effect of cyclothiazide was due to a reduction in the rate of desensitization of the receptors, the time course of the decay of the control current was compared to the time course of the decay of the cyclothiazide-enhanced current. Figure 1B shows that when the control current was scaled to the same amplitude as the enhanced current, the current recorded in the presence of 10 pM cyclothiazide desensitized nearly ten times more slowly than the control current. The time for decay to half of the maximal current (T1/2) was 45 msec for the control current and 423 msec for the thiazide-enhanced current. The mean enhancement for the decay to T1/2 was 8.4 + 6-fold (n = 6). These data indicate that cyclothiazide reduced the rate of desensitization of AMPAIKA receptors on isolated ganglion cells. In two additional cells, the rate of decay of the glutamate response was not enhanced by cyclothiazide, suggesting that a different subtype of AMPA/KA receptor predominated on these cells (see below).
In ganglion cells, responses to puff applications of the AMPA/ KA receptor agonists AMPA and kainate were both potentiated by cyclothiazide. Figure 2 compares the current responses to puffs of AMPA and kainate onto isolated ganglion cells. For the AMPA-elicited currents, both the amplitudes and the durations were enhanced by cyclothiazide ( Fig. 2A) . The rate of the AMPA current desensitization was reduced by cyclothiazide (10 PM).
This can be seen by comparing the cyclothiazide-enhanced current with the scaled control current in Figure 2A . The T?/ for decay was increased by cyclothiazide from 0.51 set for the control current to 3.44 sec. For six cells studied, cyclothiazide enhanced the amplitude of the AMPA-evoked currents 4.9 + 0.9-fold and increased the T?? for decay 8.6 -C 6.4-fold. Figure 2B shows that kainate-induced currents were also potentiated by cyclothiazide.
In contrast to the AMPA currents, only the amplitude and not the duration was enhanced by cyclothiazide. The cyclothiazide-enhanced kainate currents and the scaled-control currents had nearly identical time courses. In three cells studied, kainate enhanced the amplitude 2.3 -+ 04 fold and increased the 7% for decay 1.3 ? 0.4-fold. reported similar enhancements of kainate-evoked currents by cyclothiazide in isolated hippocampal neurons. Their results showed that kainate-evoked currents did desensitize, but, in the absence of cyclothiazide, it was too rapid to be measured by whole-cell recordings. In ganglion cells, the enhancement of the kainate-evoked currents by cyclothiazide is probably also do to the blockade of rapid desensitization.
AMPA/KA receptor-mediated excitatory synaptic inputs were enhanced by thiazides
Although
we have shown that glutamate-and AMPA-evoked currents were enhanced by cyclothiazide in dissociated ganglion cells, it is not clear whether the thiazide-sensitive receptors mediate synaptic responses in the slice preparation. To determine the effects of thiazides on ganglion cell EPSCs, excitatory synaptic inputs were elicited by exciting bipolar cells with focal puffs of potassium. Bipolar cells were depolarized with potassium rather than glutamate to bypass AMPA/KA receptors in the outer plexiform layer that may have been affected by the thiazides. The thiazides diazoxide and cyclothiazide have both been shown to enhance synaptic responses in chicken cochlear nuclear neurons (Trussell et al., 1993) and cultured rat hippocampal neurons (Yamada and Rothman, 1992; Yamada and Tang, 1993) . NMDA receptors were blocked by including 1 PM MK-801 in the bathing solution. Figure 3 shows the AMPAIKA receptor-mediated component of an EPSC evoked by an OPL-K+ puff. Bath-applied diazoxide (500 pM) enhanced both the amplitude and the duration of the EPSC (Fig. 3A) . Diazoxide increased the peak amplitude 1.6-fold. Comparison of the time courses of the normalized synaptic responses measured in the absence and presence of diazoxide showed that diazoxide reduced the rate of desensitization of the EPSC. The scaled control EPSC decayed with a T% of 95 msec and the diazoxide-enhanced response decayed with a T?h of 369 msec. For nine cells, diazoxide enhanced the peak amplitude of the EPSCs 3.5 i 1.3-fold and increased T1/2 for decay 2.6 -C 0.9-fold.
Cyclothiazide was more potent than diazoxide in potentiating the AMPA/KA receptor-mediated component of the EPSC evoked by K+-puffs. We found that 30 ~,LM cyclothiazide was about as effective as 500 PM diazoxide. The greater potency of cyclothiazide has also been described by Yamada and Tang (1993) concentration reported to be maximally effective it was found to be no more effective than 30 FM (1.02 i-0.0%fold, n = 4). Also, at the higher concentration washout of the drug was very slow and cells were usually lost before recovery occurred. Figure 3B shows that cyclothiazide enhanced the amplitude of the K+-puff-evoked EPSP 2.2-fold and the T?! of decay was increased from 84 to 264 msec. In 16 cells tested, the EPSC amplitudes were enhanced 2.5 -C 1%fold, indicating that the glutamate receptors that mediate ganglion cell EPSCs may have been desensitized in the slice preparation. The decay Tl/z values were also prolonged by 2.3 t 0.9-fold (range 1.44.5fold, IZ = 16). This indicates that the decay of the EPSCs were determined, in part, by the desensitizing properties of the ganglion cell AMPAIKA receptors. The.enhancement by 30 p,M cyclothiazide may have been less in the slice than in the isolated ganglion cells due to diffusion barriers (Larson et al., 1994) or uptake of the drug due to its lipid solubility (Pelletier and Hablitz, 1994) .
The EPSC enhancement by thiazides was not voltage dependent. Figure 4A shows the AMPA/KA receptor-mediated component of EPSCs recorded when the cell was clamped to a series of membrane potentials. The NMDA receptors were blocked by including 50 pM AP7 in the bath. The EPSCs were enhanced by cyclothiazide at both negative and positive holding potentials (Fig. 4B) . The current-voltage relation shown in Figure 4C was obtained by plotting the mean peak EPSC amplitudes for a population of ganglion cells versus holding potential. In both the absence and presence of cyclothiazide the current-voltage relations were linear. Cyclothiazide increased the synaptically evoked conductance 3.2-fold. In addition, the reversal potential was not altered by cyclothiazide, indicating that cyclothiazide did not enhance the response by altering the ionic selectivity of the AMPAIKA channels. To ensure that cyclothiazide was not enhancing the EPSCs by unmasking other transmitter-gated channels, we showed that there was no residual current when the AMPAIKA receptors were blocked with antagonists. Figure 5 shows that when a K+ puff-evoked EPSC was enhanced by cyclothiazide, the enhanced response was completely blocked by 10 pM NBQX. The NMDA receptors were blocked by including 50 p,M D-AP7 in the bath. Upon washout of the NBQX, the response recovered (data not shown). Similar results were obtained in five additional ganglion cells. These results agree with those reported by others (Yamada and Rothman, 1992; Yamada and Tang, 1993) for EPSCs recorded in cultured hippocampal neurons.
Thiazides do not act presynaptically to enhance AMPAKA receptor-mediated EPSCs Although the results from isolated cells show that cyclothiazide acts postsynaptically on ganglion cells, any presynaptic effects of cyclothiazide might also contribute to the total effect seen in the slice preparation. To test whether any of the effects seen in the slice preparation were due to an additional, presynaptic action of cyclothiazide, we tested the ability of cyclothiazide to enhance the NMDA receptor-mediated component of the ganglion cell EPSC. The AMPA/KA receptors were blocked by including NBQX (10 pM) in the bath. Figure 6 shows that the NMDA receptor-mediated component of the response was not enhanced when 30 PM cyclothiazide was present in the bath. In contrast to its enhancing effect on the AMPA/KA receptor-mediated component of the EPSC, the NMDA receptor-mediated component of the EPSC was slightly decreased by cyclothiazide. -70, -55, -40, -25, -10, 5 , and 20 mV. The currents were inward when the cell was held at negative potentials and outward when the cell was held at positive potentials. B, In the presence of cyclothiazide, the EPSCs were enhanced at each holding potential (as in A). Similar to the control responses, the enhanced currents also reversed polarity near 0 mV. C, Normalized current-voltage relations constructed from meaIn the presence of cyclothiazide, the mean for the peak amplitude of the NMDA receptor-mediated component of the response was 86 +-5% (n = 6) of the control. These results and those obtained with isolated cells are consistent with cyclothiazide acting postsynaptically at AMPA/KA receptors to enhance the excitatory synaptic responses.
Light-evoked EPSCs were enhanced by cyclothiazide
We have demonstrated that cyclothiazide potentiates the AMPAI KA receptor-mediated component of OPL K+-puff evoked ganglion cell EPSCs. The duration of the responses were enhanced by reducing the rate of desensitization of the AMPAIKA receptors. We wanted to determine if the desensitization of non-NMDA receptors contributes to the transientness of the lightevoked EPSCs (L-EPSCs) in ON-OFF ganglion cells. Figure 7A shows the AMPA/KA receptor-mediated components of ON and OFF L-EPSCs recorded from an ON-OFF ganglion cell that was voltage clamped to -75 mV. The NMDA receptors were blocked by including 30-50 FM AP7 in the bath. In the presence of cyclothiazide, the amplitudes of both the ON and the OFF L-EPSCs were enhanced (2.5fold and 2.4-fold, respectively). For the 10 ON-OFF cells tested, the mean enhancements were 4.0 +-1.5fold for the ON L-EPSCs and 5.1 + 2.5-fold for the OFF L-EPSCs. The durations of the ON and OFF L-EPSCs were also prolonged by cyclothiazide.
During the light step, the control ON EPSC rapidly returned to the dark current level. By contrast, the cyclothiazide-enhanced ON EPSC was still apparent at the end of the light step. When the control light response was normalized to the peak of the cyclothiazide-enhanced response so that the rates of desensitization of the light-evoked EPSCs can be compared (Fig. 7B ) it could be seen that cyclothiazide decreased the rates of desensitization of both the ON and the OFF L-EPSCs; the T1/2 values were increased 4.75fold and 2.15fold, respectively. Cyclothiazide was usually more effective at slowing the rate of decay of the ON L-EPSCs compared to the OFF L-EPSCs. For ten cells, cyclothiazide increased the Tf/2 for the ON L-EPSCs was increased 2.9 i-1.2-fold and that of the OFF L-EPSCs by 2.1 -C 0.6fold.
The voltage dependency of the cyclothiazide enhancement of light-evoked EPSCs was investigated by eliciting responses when the cell was held at different potentials. Figure 8A shows two families of light responses recorded from the same cell in the absence (thick traces) and presence (thin traces) of cyclothiazide. NMDA receptors were blocked by including 50 PM AP7 in the bath. The ON and OFF L-EPSCs were largest when the cell was held at -80 mV. The responses decreased when the cell was held at less negative potentials and reversed polarity when held at 20 mV. Cyclothiazide (30 PM) enhanced the ON and OFF L-EPSCs at all holding potentials.
The effects of cyclothiazide upon ganglion cell L-EPSCs are more easily interpreted in the ON pathway because, in contrast surements made in the absence (solid circles) and presence (open circles) of 30 FM cyclothiazide. Cyclothiazide enhanced peak amplitudes of EPSCs at all holding potentials. The solid lines are the best least squares fits of the data. The mean enhancement of the conductance was 3.2.fold. Each point is the mean of two to six cells, (in mV) -70 (n = 6), -55 (n = 2), -50 (n = 4), -40 (n = 2), -30 (n = 4), -25 (n = 2), -10 (n = 4), 5 (n = 2), 10 (n = 4), 20 (n = 2), 30 (n = 4). The bars represent 1 SD. The control bathing solution was used to block inhibitory synaptic inputs. NMDA receptors were blocked by including 50 FM AP7 in the bath. to the OFF pathway, there are no AMPA/KA receptors at the OPL that may also be affected (Nawy and Jahr, 1990; . Figure 8B shows the peak amplitudes of the ON L-EPSCs plotted as a function of membrane potential. The control currentvoltage relationship was relatively linear and reversed polarity near 0 mV. Cyclothiazide increased the slope of the currentvoltage relation 3.9-fold, but it did not significantly affect its shape or reversal potential. The recovery current-voltage relationship was measured after the washout of cyclothiazide, and it was similar to the control relationship.
Discussion
Cyclothiazide enhanced the response of ganglion cells to glutamatergic agonists, indicating that these cells possess desensitizing, AMPA-preferring glutamate receptors. Cyclothiazide also increased the magnitude and slowed the decay of ganglion cell EPSCs. These results indicate that the kinetics of the synaptic responses of ganglion cells are determined, in part, by desensitizing glutamate receptors.
The mechanism by which cyclothiazide reduces desensitization at AMPA/KA receptors is unclear. Single channel recordings from hippocampal neurons indicated that cyclothiazide acts by prolonging the bursting and increasing the number of AMPA/ KA channel openings (Yamada and Tang, 1993) . It has been hypothesized that the desensitized state of the AMPA/KA receptor is more stable than either the open or closed states and that cyclothiazide potentiates responses by destabilizing the desensitized state Yamada and Tang, 1993) .
In our experiments, voltage-gated Na+ and K+ channels, NMDA, inhibitory GABA and glycine receptors were all pharmacologically blocked, ruling out the involvement of these channels and receptors in the cyclothiazide enhancement of the EPSCs. The blockade of GABA-and glycine-mediated synaptic inputs did not affect the contributions of AMPA/KA and NMDA receptor-mediated components of the transient light responses (Mittman et al., 1990) . However, we cannot rule out that inhibitory synaptic interactions may play additional roles in shaping transient ganglion cell responses. The use of fluoride as the predominant anion in our intracellular solutions did not affect our results. The synaptic response characteristics of salamander ganglion cells were identical when either chloride, fluoride or sulfate was the predominant intracellular anion (Mittman et al., 1990; Diamond and Copenhagen, 1993; Lukasiewicz and Werblin, 1994) . The potentiation by cyclothiazide was not dependent on fluoride because others have reported similar potentiation when either chloride, isethionate, or sulfate was the major intracellular anion (Partin et al., 1993; Trussell et al., 1993; Yamada and Tang, 1993) .
Cyclothiazide acts postsynaptically to enhance ganglion cell responses
The effect of cyclothiazide on ganglion cell synaptic currents evoked by OPL K+ puffs was due primarily to an action in the IPL. It might be argued that K+ caused release of glutamate from photoreceptors and that a major part of the cyclothiazide effect was on AMPA/KA-mediated responses on bipolar cells. However, the principal effect of K+ puff stimuli was to depolarize bipolar cells directly, as shown by the fact that they also evoked excitatory synaptic currents in ganglion cells when AMPA/KA receptors in the OPL were blocked with NBQX. Since there are no NMDA receptors in the salamander OPL (Slaughter and Mil- , 1983a) , this indicates that the major effect of the puffs was not the release of glutamate from photoreceptors which then activated AMPA/KA receptors in the OPL. The NBQX-resistant excitatory currents in ganglion cells were most likely mediated by the NMDA receptors known to be present on ganglion cells. Puffs of L-APB, but not K+, at the OPL elicited outward synaptic currents (due to decreased ON bipolar transmitter release) in ON or ON-OFF ganglion cells (Lukasiewicz, unpublished observations) . This also indicates that the of major effect K+ puffs was to depolarize bipolar cells. The lack of enhancement of the NMDA receptor-mediated component of the K+ puff-evoked EPSCs in ganglion cells indicated that the EPSCs were not enhanced by cyclothiazide increasing the rate of glutamate release from bipolar cells. This is similar to nucleus magnocellularis synapses where the AMPA/KA, and not the NMDA, component of the synaptic response was selectively enhanced by cyclothiazide (Trussell et al., 1993) . Thus, cyclothiazide acted primarily at ganglion cells to enhance EPSCs.
Since there are no AMPAIKA receptors on the dendrites of ON-bipolar cells (Nawy and Jahr, 1990; , we concluded that cyclothiazide also acted at the ON-OFF ganglion cell to enhance the light-evoked ON-EPSCs. Thus several kinds of evidence indicate that cyclothiazide acted postsynaptically at the ganglion cell dendrites. Although there are AMPA/KA receptors in the salamander OPL (Slaughter and Miller, 1983a,b) , it is not known if these receptors are sensitive to cyclothiazide.
Consequently, we cannot rule out that a component of the cyclothiazide enhancement of light-evoked OFF EPSCs in ON-OFF ganglion cells may have occurred at the OPL.
Depression of light-evoked EPSCs revealed by cyclothiazide
The amplitude of the control light responses was enhanced by cyclothiazide.
The amplitudes of L-EPSCs may have been decreased if the onset of desensitization was rapid enough to affect the peak amplitude of the synaptic response. The amplitudes of glutamate-evoked currents have been shown to be decreased by rapid desensitization (Trussell et al., 1988) . Rapid activation of glutamate receptors was essential for observing the peak response (Trussell et al., 1988; Raman and Trussell, 1992) ; slower activation resulted in an decreased peak response (Trussell et al., 1988) . This suggests that if the rate of glutamate release from bipolar cells was relatively slow, then the peak ganglion cell responses may have been attenuated by desensitization.
An alternative possibility is that the AMPA/KA receptors that mediated the transient L-EPSCs were partially desensitized in the dark. Belgum et al. (1983) showed that mudpuppy ON-OFF ganglion cells receive tonic excitatory synaptic input in the dark. This tonic release of glutamate onto tiger salamander ON-OFF ganglion cells could result in a tonic partial desensitization of AMPA/KA receptors leading to a depression of the L-EPSC amplitudes. Similar results described in the avian nucleus magnocellularis showed that cyclothiazide markedly reduced postsynaptic depression caused by prior activation and desensitization of AMPA/KA receptors (Trussell et al., 1993) .
AMPA versus kainate receptors on ON-OFF ganglion cells
The non-NMDA receptors on dorsal root ganglion neurons are selectively activated by kainate and are sensitive to the lectin, concanavalin A (ConA) but not cyclothiazide (Huettner, 1990; Wong and Mayer, 1993) , whereas those on hippocampal neurons are preferentially activated by AMPA and are very sensitive to cyclothiazide, but only weakly sensitive to ConA (Patneau and Mayer, 1990; Wong and Mayer, 1993 AMPA-preferring subunits were strongly potentiated by cyclothiazide but only weakly potentiated by ConA, while the responses mediated by kainate-preferring subunits were enhanced by ConA but not cyclothiazide (Partin et al., 1993) . Based on
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The ,fbrmutinn of transient light responses
Transient ganglion cell spiking responses to sustained light stimuli were first described by Hartline (1938) . Werblin and Dowling (I 969) showed that these transient spiking responses were due to transient EPSPs at light onset and offset. Toyoda et al. (1973) and Miller (1979) proposed that the summation of steady ON and OFF bipolar inputs gave rise to the transient, ON-OFF responses recorded in subtypes of amacrine and ganglion cells. Later experiments ruled out this possibility because the OFF response remained transient when the ON bipolar input was occluded with APB (Slaughter and Miller, 1981) . Werblin and colleagues (1988) argued that the transient release of glutamate from bipolar terminals (due to GABAergic feedback) may account for the formation of transient responses in some types of amacrine cells (Maguire et al., 1989) . Baclofen mimicked the effects of GABA and suppressed amacrine cell transient responses, suggesting that GABA, receptors mediated this feedback (Maguire et al., 1989) . However, in ganglion cells Slaughter and Bai, 1989) Although cyclothiazide prolonged the durations of lightevoked EPSCs in ON-OFF ganglion cells, the enhanced responses remained transient, suggesting that other factors also underlie the formation of these responses. It is unlikely that incomplete blockade of GABA receptors on bipolar cell terminals accounts for the remaining transientness because 100 FM picrotoxin was to be sufficient to block all of the GABA-mediated synaptic inputs to both ON and OFF bipolar cells (Lukasiewicz and Werblin, 1994) and 150 PM picrotoxin completely blocked currents evoked by 1 mM GABA puffed onto bipolar cell terminals (Lawrence and Lukasiewicz, unpublished observations). Since only glycine and GABA receptors were blocked, we cannot rule out that other transmitters may play a role in the formation of transient responses. Alternatively, the enhanced responses remained transient because the AMPA/KA receptors may possess an AMPA receptor subunit that was a flop splice variant. Responses for flop splice variants have been shown to be less sensitive to cyclothiazide than the flip splice variants (Partin et al., 1993 (Partin et al., , 1994 .
